STRAINS of Escherichia coli that are enteropathogenic for pigs have been shown to synthesise two forms of enterotoxin, described as heat-labile and heatstable, that cause fluid accumulation when introduced into ligated intestinal loops prepared in pigs or rabbits (Moon, Sorensen and Sautter, 1966; Smith and Halls, 1967; Gyles and Barnum, 1969; Moon et al., 1970; Smith and Gyles, 1970a and b). Enterotoxin activity can also be demonstrated by feeding enterotoxin preparations to piglets (Kohler, 1968; Smith and Gyles, 1970a; Stevens, Gyles and Barnum, 1972). The limitations of the in-vivo techniques have prevented the characterisation of enterotoxins, and a simple, reliable test would be useful. The present report describes two factors in bacteria-free lysates of E. coli that are cytopathic for cell cultures prepared from pig thyroid glands. One of these factors is similar to heat-labile enterotoxin.
prepared in maintenance medium and after removal of the growth medium 0.1 5 ml of the test dilution was added to each well. The plates were resealed and incubated for 2-3 days. The monolayers were stained for approximately 2 hr with a solution containing equal volumes of 12 per cent. neutral buffered formaljn (Lillie, 1954) and 0.2 per cent. gentian violet in 2 per cent. acetic acid. The plates were washed with tap water and dried, and the wells were examined microscopically for a cytopathic effect.
Morphology of the cell lines. Secondary cultures of pig thyroid cells in"microtiter" plates are cuboid and produce even monolayers. Up to passage no. 45 the cells remained cuboid, but numerous small discrete areas consisting of multi-layers of cells developed. From passage no. 45 to no. 52 these multi-layer areas becarne more compact and the surrounding monolayer fragmented to form spaces that were visible macroscopically in the cell sheet. By passage no. 57, the cells had become "epithelial-like"; complete monolayers were again formed but these were interspersed with aggregates of cells arranged in parallel to form "cell sheaves". This pattern has continued up to passage no. 84.
NeutraZisation tests. Bacteria-free lysates were diluted to contain approximately 100 TCDso of cell-culture activity and added to doubling dilutions of adult pig serum. The mixtures were held at room temperature for 1 h a n d then tested for cytopathic activity.
To compare the neutralisation of activity against cell cultures and ligated intestinal loops,
RESULTS

Cytopathic activity of porcine enteropathogenic strains of Escherichia coli
Bacteria-free lysates from most strains of E. coli produced a weak cytopathjc effect (CPE) on the pig-thyroid-cell line; the CPE was detectable at 10-1 and occasionally at dilutions of the lysates, was not reduced by heating at 65°C for 10 min., and may be attributable to endotoxin. In contrast, bacteria-free lysates from K88-positive porcine enteropathogenic strains of E. coli contained a heat-labile factor that was cytopathic for cultures of pig-thyroid cells; this factor was demonstrable in lysates diluted or and was designated cytopathic factor I (CPFI). The CPE depended on the passage number of the cell line; initially, the cell line (passage nos. 1-45) formed a complete monolayer and addition of the bacterial lysates caused a CPE. Later, the cell line (passage nos. 45-52) formed an incomplete cell sheet (see Methods); CPFI appeared to prevent the formation of multi-layer areas and spaces so that an almost complete monolayer was produced. After passage no. 57, the control monolayer again became complete, and CPFI produced a CPE similar to that obtained with earlier passages. Most of the present results refer to tests in which the cell line had undergone 57-84 passages and in which the complete monolayer consisted of " epithelial-like " cells interspersed with " cell sheaves " (figs. 1 and 2). In these tests, CPFI caused fragmentation of the cell sheet and disruption of the " cell sheaves " so that the cell cytoplasm became spindle-like and many cells were linked by strands of cytoplasm ( figs. 3 and 4) .
Examination of the lysates in the electron microscope did not reveal the presence of viruses or mycoplasmas; serial passage of the lysates in pig thyroid cells demonstrated that the cytopathic agent was not transmissible.
Distribution of CPFI. CPFI was present in all of 20 bacteria-free lysates from K88-positive porcine enteropathogenic strains associated with neonatal (three strains), 0 8 : K87,KSac (three strains), 0141 : K85,K88ab (four strains), 0147 : K89,K88ac (three strains), 0149 : K91,K88ac (five strains), 045 : KE65,K88ac (one strain) and 0158: KV17,KSSac (one strain). In general, the end point of titrations of lysates that contained CPFI was between and and the titre was not significantly reduced after storage for several months at -2OOC. Five lysates were tested in the cell-culture system and in ligated intestinal loops prepared in pigs; all contained LT and CPFI. ST preparations from these strains produced dilatation of ligated intestinal loops but had no cytopathic activity.
In contrast, bacteria-free lysates from seven strains associated with oedema disease and post-weaning diarrhoea representing OK groups 0 1 38 : K8 1, 0139:K82, 0141:K85ab-ac, 045:KE65 and 0141:K85 did not produce LT or a CPE. ST preparations from three of these strains produced dilatation of ligated intestinal loops, but none produced a CPE.
Lysates from three atypical piglet enteropathogenic strains representing OK groups 0101 :K? and 064:K? did not produce a CPE; as expected, we failed to demonstrate LT or ST in ligated loops prepared in 8-wk-old piglets (see Smith and Linggood, 1972) .
Relationship of CPFI to K88 antigens and haemolysins. The above results indicated that CPFI is present in LT preparations of K88-positive porcine enteropathogenic strains of E. coli. In addition to LT and ST these strains produce K88 antigen and usually haemolysins. CPFI is not attributable to K88 antigen because (i) KWnegative mutant strains derived by different treatments from a strain of the 0149: K91 (B),K88ac(L): H10 serotype (Jones and Rutter, 1972) produced CPFI and LT, (ii) two K12F-strains into which the K88 plasmid had been transferred did not acquire CPFI, and (iii) cell-free partially-purified K88 antigen (Jones and Rutter) did not possess cell-culture activity. CPFI is not attributable to haemolysins because (i) the strains associated with oedema disease and post-weaning diarrhoea are haemolytic but do not produce CPFI (ii) one of the K88-positive enteropathogenic strains was not haemolytic yet produced CPFI, and (iii) two strains that had received the enterotoxin (Ent) plasmids ( q x ) were not haemolytic but produced CPFI.
Transmission of CPFI. The ability to synthesise LT is transmitted with ST from donor to recipient strains of E. coli (Smith and Gyles, 1970a) . We tested a K12F-strain and a fowl strain before and after they had received the Ent plasmids from a donor strain of serotype 0 8 : K87,K88ab-. Before introduction of the Ent plasmids, the recipient strains produced no cell-culture activity; after introduction of the plasmids, both recipient strains produced CPFI, LT and ST.
Physical characters of CPFI. The cytopathic activity of CPFI was reduced by 99.9 per cent. by heating at 60°C for 15 min. CPFI was not dialysed through Visking dialysis tubing; it was precipitated by 80 per cent. saturated ammonium sulphate and was excluded from Sephadex G-200. A phenol-water extract (Kabat and Mayer, 1961 ) of a strain that produced CPFI had no cytopathic activity.
Neutraiisation of CPFl.
Sera from 12 of 20 adult pigs neutralised CPFI; the dilutions of sera that neutralised 100 TCDSO of CPFI ranged from 1 in 20 to 1 in 320 (median 1 in 80). Six of the sera were selected to compare neutralisation of cytopathic activity and ligated intestinal-loop activity. Of these, two completely neutralised the CPFI content of a lysate; they also neutralised the same lysate in respect of its activity on the ligated intestinal loop. In general, sera neutralised the ligated intestinal-loop activity of the lysate more effectively than the cytopathic activity; this may be attributable to the greater sensitivity of the cell-culture test. The results of these neutralisation tests provided preliminary evidence that the same sera neutralised both activities and further studies of the neutralisation of CPFI are in progress.
Cytopathic activities of other preparations
Bacteria-free lysates from six of 35 apparently non-pathogenic strains of E. coli isolated from piglets and pigs also contained a factor that was cytopathic for pig-thyroid cells. The CPE differed morphologically from that caused by CPFI and so the factor was designated CPFII. The end-point of titrations of CPFII was between and CPFII caused Iittle fragmentation of the monolayer (passage nos. 57-84) ; the cells became enlarged and more cuboid with disruption of the "cell sheaves" (figs. 5 and 6). Although the heat-lability of CPFI and CPFII is similar, we were unable to demonstrate LT or ST production by strains that produced CPFII. CPFII was not neutralised by the pig sera that neutralised CPFI and the nature of this factor has not yet been determined.
Bacteria-free lysates from five strains of E. coli isolated from calves with diarrhoea produced no CPE on cell cultures of pig thyroid glands. In contrast,
lysates from six of 18 strains of E. coli associated with infantile diarrhoea contained cytopathic activity. The six lysates were prepared from strains belonging to OK groups 018ac:K77, 026:B6, 055:B5, 086:B7 and 0119:B14 (two strains). The CPE produced by lysate 018ac:K77 resembled CPFII, but the CPE produced by the other five lysates differed morphologically from CPFI and CPFII. A sample of cholera enterotoxin (purified choleragen, batch no. VT 2056B, Wellcome Research Laboratories) caused a CPE that was indistinguishable from CPFI, and further studies are in progress to elucidate the relationship of these cytopathic factors to CPFI and CPFII.
D~scussrorv
There is increasing evidence that the ability to synthesise enterotoxin may be an important virulence determinant in strains of E. coli that are enteropathogenic for pigs (Smith and Halls, 1967; Kohler, 1968; Gyles and Barnum, 1969; Smith and Linggood, 1971) . Although enterotoxins can be demonstrated by the ligated intestinal-loop procedure or by feeding preparations containing enterotoxins to piglets, these techniques have a number of limitations. A comparatively large amount of enterotoxin is necessary to produce fluid accumulation or diarrhoea so that assays cannot be made adequately quantitative; this is a major problem in fractionation and purification studies. The ligated-loop procedure in pigs may give variable results (Truszczynski and Pilaszek, 1969) ; only the anterior portion of the small intestine responds reliably and some pigs are completely unreactive to the test material (Smith and Gyles, 1970a) . The rabbit gut-loop model gives comparatively non-spec& results with LT preparations and inconsistent reactions with ST preparations (Lariviere, 1972) . Reliable and simple techniques to demonstrate enterotoxins are necessary because enterotoxin synthesis is one of the criteria by which a strain may be classified as potentially pathogenic. In addition, the characterisation of enterotoxins and studies of their modes of action depend on adequate and sensitive assay systems.
Although cytopathic activity is useful for the in-vitro assay of many bacterial toxins (Solotorovsky and Johnson, 1970) , the technique has not previously been applied to the enterotoxins of E. coli. Transformation of the pig-thyroid-cell line and the production of a CPE by CPFI seem to be reproducible. A similar pattern of transformation was observed with two other pig-thyroid-cell lines. Monolayers of secondary cultures from 24 different batches of pig-thyroid glands also showed a CPE after incubation with CPFI; however, monolayers from two batches of glands were comparatively insensitive in the test. Other cell cultures tested included secondary cultures from calf-, pig-and rabbit-kidney tissue, the MDBK bovine-kidney-cell line (Madin and Darby, 1958) and the SK-6 swine-kidney-cell line (Kasza, Shadduck and Christofinis, 1972) . These cultures either showed a weak CPE or remained unaffected when exposed to 10-1 or less frequently dilutions of lysates containing CPFI. In contrast, Some secondary cultures of calf-thyroid cells and a calf-thyroid-cell line were as sensitive as pig-thyroid cells to lysates that contained CPFI. Thus, thyroid-cell cultures appear to be particularly susceptible to CPFI.
CPFI is similar to the LT type of enterotoxin. All of 20 strains known to produce LT and ST produced CPFI, but ST preparations from these strains had no cytopathic activity. Lysates of strains that produced only ST had no cytopathic activity. Furthermore, CPFI and enterotoxin activity were transmitted to two recipient strains by a donor strain. The heat lability of CPFI provides additional evidence that the cytopathic activity is not due to ST or to endotoxin. The results of dialysis, precipitation and gel-filtration of CPFI are similar to those obtained with LT (Gyles and Barnum; Lariviere). The cell-culture system is much more sensitive than in-vivo techniques for the demonstration of LT; less than 1 pg of protein per test-well produced a detectable CPE, whereas 500 mg are necessary to produce diarrhoea in piglets aged 1-3 days (Stevens, Gyles and Bamum, 1972) and approximately 50-100 mg are normally injected into ligated loops. Although the present results provide circumstantial evidence that LT and CPFI are identical, final proof will depend on the demonstration that both activities are produced by the same substance and are neutralised by sera in proportion to their anti-LT content. Smith and Gyles (19704 reported that LT is neutralised by specific antisera prepared in pigs. Our observation that both CPFI and LT are neutralised by some adult pig sera may be attributable to previous natural exposure of these animals to strains of E. coli that produce LT.
LT may be related to cholera enterotoxin (Gyles and Barnum; Smith, 
1972).
Cell-culture assays have been described for the detection of cholera enterotoxin (Vaughan, Pierce and Greenough, 1970; Inwood and Tyrrell, 1970) and it is of interest that a sample of cholera enterotoxin caused a CPE in pigthyroid-cell cultures that was indistinguishable from CPFI. Cell-culture tests may help to elucidate the relationship of these enterotoxins. The heat-labile cytopathic factor designated CPFII in lysates of apparently non-pathogenic porcine strains of E. coli produced a CPE that was morphologically different from that of CPFI. The CPE was demonstrable in lysates diluted or but the nature of CPFII was not determined. In addition, lysates of certain human strains produced a CPE in pig-thyroid-cell cultures. Some human strains of E. coli produce an LT-type enterotoxin (Smith and Gyles, 1970b) and further studies are now in progress to determine the relationship of these cytopathic factors to CPFI and CPFII.
The CPE caused by CPFI is consistently reproducible and can be quantitated. The similarities of CPFI and LT suggest that the cell-culture system may provide a simple, sensitive assay for LT that requires only the facilities of a cell-culture laboratory. The test could prove useful in the characterisation of LT and may stimulate a search for other cell-culture systems that are sensitive to the enterotoxins of E. coli.
SUMMARY
A factor (CPFI) that caused a cytopathic effect on cultures of pig-thyroid cells was detected in bacteria-free lysates of K88-positive porcine enteropathogenic strains of Escherichia coli. CPFI was produced only by strains that synthesised heat-labile enterotoxin (LT) and was present in lysates that contained LT but was not associated with heat-stable enterotoxin, K88 antigens or haemolytic substances. CPFI was transmitted with LT from a donor to recipient strains; the factor was heat labile, non-dialysable, precipitated by ammonium sulphate and excluded from Sephadex G-200. CPFI was neutralised by some adult pig sera. Another factor (CPFII) that caused a morphologically different cytopathic effect on cultures of pig-thyroid cells was detected in bacteria-free lysates of six apparently non-pathogenic strains of E. coli isolated from pigs. CPFII was not related to the above products of E. coli and was not neutralised by pig sera. It is suggested that CPFI is similar to LT and that the cytopathic effect of CPFI could provide a simple, sensitive assay that may be of value in the characterisation of LT. 
